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Abstract. We review work, done mainly at the author's laboratory, on the spin gap which is the
NMR manifestation of the pseudogap observed in the normal state of high-temperature superconduc-
tors. The relation of the spin gap to an electronic crossover in YBa 2Cu4O8 is discussed. A possible
explanation of both effects by assuming a charge density wave transition is presented. This sugges-
tion is supported by measuring the isotope dependence of the spin gap in YBa 2 Cu4O8 .
1. Introduction
The mechanism of high-temperature superconductivity still remains under de-
bate. It is commonly agreed that an understanding of the normal state of these
materials is a prerequisite for the elucidation of the superconductivity mecha-
nism. A typical question, not yet satisfactorily answered, concerns the origin of
the so-called pseudogap in underdoped cuprate superconductors [1]. Evidence
for the presence of a gap-like structure in the electronic excitation spectra be-
low a certain temperature T", which lies above T, has been found by many
techniques like NMR, neutron scattering, infrared conductivity, specific heat,
thermoelectric power. Recently, angular resolved photoemission spectroscopy
(ARPES) has provided direct evidence for the existence, above T., of a pseudo-
gap in the density of states at the Fermi level [2, 3] and tunneling spectroscopy
[4] has shown that the pseudogap is also present in overdoped samples. In
NMR and neutron scattering the pseudogap reveals itself as a spin gap. In this
paper, we will review some NMR/NQR studies, mostly from our laboratory,
which are concerned with the spin gap and its possible relation to other gaps
like the electronic gap.
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2. The Spin Gap Effect
After the discovery of the spin gap effect in YBa 2Cu4O7 _ 8 by neutron scattering
[5], several NMR groups have regarded the spin gap effect to be responsible for
the peculiar temperature variation of the spin-lattice relaxation time, T,, at least
in the normal conducting state [6]. The occurrence of a spin gap means that
spectral weight in the electron spin fluctuations is transferred from lower to higher
energy. The effect competes with the antiferromagnetic (AF) fluctuations which
increase with descending temperature. Below a temperature T', where the maxi-
mum of the "spin-lattice relaxation rate per temperature unit", (T,T) - ', occurs,
the spin-gap effect predominates and thus (T,T) - ' is decreasing. In underdoped
structures, T lies well above Tc
 while in overdoped compounds T' nearly coin-
cides with T. For YBa2Cu4O8, which we have studied intensively, the correspond-
ing values are Tc = 81 K and T* 150 K.
Since at present no theoretical derivation of T, exists which takes into account
the presence of the spin gap, it became customary to analyze (T1 T) - ' data with
the help of the following phenomenological function [6, 7]:
(T,T) - ' =
 CT -a 1— tanh2(±' . ( 1)
It may be derived from a function used by Tranquada et al. [8] to fit properly
the dynamic susceptibility data in the presence of a spin gap, as determined by
neutron scattering measurements.
In Eq. (1), the hyperbolic tangent describes the temperature-dependent gap and
the factor CT- a, with a = 1, takes into account the high-temperature Curie-like
divergence of (T,T) - '. A is a measure for the gap; it is proportional to T*, de-
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Fig. 1. Temperature dependence of 1/T1 T of the planar Cu(2) (0) and Cu(3) (0) in Y2Ba4Cu,O 15 .
The lines are the fits of Eq. (1). From [9].
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fined as the maximum of (T1 T)- ' as defined by Eq. (1). So, both, d and T* can
be used as a proper parameter for the temperature scale of the spin gap.
As an example for applying Eq. (1), we mention Y 2Ba4Cu,O 15 which is a "mixed-
layer" compound with the individual layers of the CuO 2 bilayer containing two
inequivalent Cu sites, Cu(2) and Cu(3). The fit of Eq. (1) to the data of both
sites (see Fig. 1) yields d = 240±20 K and a = 1.25 [9]; these values agree,
within the error limits, with d = 260± 10 K and a = 1.25 we obtained for our
Cu(2) data in YBa2Cu4O8 .
Without attempting to discuss the many theoretical scenarios and models of high-
temperature superconductivity in which the appearance of the pseudogap is an
essential ingredient [10-12], we will discuss, in the next section, an experimen-
tal study which opened an alternative way to the understanding of the origin of
the spin gap.
3. Electronic Crossover in YBa 2Cu4O8
A detailed NMR/NQR study of YBa2Cu4O 8 [13] has revealed that an electronic
crossover takes place in this compound at a temperature Tt 180 K. This con-
clusion is based on the fact that the temperature dependence of several NMR/NQR
parameters exhibits an anomaly around T. For instance, the Cu(2) NQR frequency,
63vQ, exhibits a minimum; the Cu(2) total magnetic shift, 65KC, has a kink; the chain
copper, Cu(1), NQR frequency and NMR relaxation rate show a change in slope.
Further anomalies were found in the chain oxygen, 0(4), NMR relaxation and in
the ratio of the plane oxygen and yttrium relaxation rates, "WW /89 WW, (where c
denotes the direction of the magnetic field).
The analysis of these data led us to the conclusion that an electronic crossover
rather than a structural phase transition (neither first nor second order) occurs at
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Fig. 2. ' 7 W /89 W vs. temperature. 0 YBa2Cu4O8 [13], O YBa2Cu3O6.63 [14], * YBa2Cu3 O7 [14]. The solid
line is a calculation (see text).
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T. This crossover involves a charge redistribution, namely a transfer of holes
from the chains into the planes. The enhanced charge fluctuations in the chain
and the plane, below Tt, cause an increase of "W /89 WW for decreasing tempera-
tures (see Fig. 2), since only "WW is enhanced while yttrium, because of its spin
1/2, cannot couple to the charge fluctuations.
In contrast to this explanation, the solid line in Fig. 2 fails to describe the tem
-perature dependence of 17 WW/89 WW . The line has been calculated following [15] where
relaxation is treated within the phenomenological Millis-Monien-Pines (MMP) model
[ 16] by assuming additional next-nearest neighbor coupling and incommensurate AF
fluctuations. The MMP model includes, in addition to the normal Fermi-liquid
contribution to the relaxation, strong AF fluctuations which lead to the anomalous
behavior of the spin-lattice relaxation in high-temperature superconductors.
What is the origin of the crossover? A tentative mechanism will be proposed in
the next section.
4. Relation to Charge Density Waves
It is well known that a quasi two-dimensional metal with a strong anisotropic
Fermi surface is unstable with respect to a charge density wave (CDW) transi-
tion [17]. Since Fermi surfaces in layered cuprates, according to photoemission
data [18], are really different from a perfect circle or cylinder, it is tempting
to analyze the CDW scenario as a possible origin for the opening of a pseudo-
gap in the normal state of these compounds. Although this point has been em-
phasized by many authors, however, to our knowledge, numerical calculations
have not yet been performed. In this context, the electronic crossover shows
itself in a new light: does the occurrence of this crossover support the idea
[19] that the spin gap phenomenon is caused, at least partly, by a transition
due to a CDW?
Eremin et al. have studied this problem [20]. Starting from the t-J model and in-
cluding electron-phonon interaction, they derived the gap equation for a CDW in
the Cu02 plane, using the singlet correlated band in the normal state. The model
not only allowed us to explain the important features of the momentum and tem
-perature dependences of the pseudogap, it also could describe the strong tempera-
ture dependence of the Cu(2) magnetic shift 65Kab (Bo I c) in YBa2Cu4O 8 ; the shift
depends on the spin susceptibility and had been measured previously [21].
A severe test, whether the CDW approach is correct, is the prediction of a depen-
dence of T* on the isotope mass. The experimental verification of this prediction
will be discussed in the next section.
5. Isotope Effect of the Spin Gap
We have determined the isotope dependence of T* in YBa2Cu4O8 in the following
way [22]. Two oxygen exchanged samples ( 160 and 180) were inserted into the
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probe head with two radiofrequency coils which allowed an automatic switch over
of the electronics from one sample to the other. Among others, we measured the
temperature dependence of the 63Cu NQR T, relaxation time with a precision of
0.3% for the (T,T)- ' data. To our knowledge, this is the highest accuracy of all
measurements of this type.
The (T1 T)- ' data were fitted with a slightly modified version of Eq. (1). The best
value for the T* shift is 0.96 K resulting in an isotope exponent a. = 0.061(8)
which is defined by aT. = —dln(T*)/dln(m). The corresponding value for Tc
measured in the same samples, is aT = 0.056(12). The agreement of both values
within the error bars suggests a common origin for the superconducting and the
spin gap.
Our result contrasts with a recent measurement of the 89Y NMR Knight shift
which provided no evidence of an isotope effect on the spin gap [24]. A pos-
sible explanation for this discrepancy is that one must distinguish between the
behavior of the spin susceptibility at wavevector zero, as probed by the Knight
shift, and at the antiferromagnetic wavevector, probed by spin-lattice relaxation.
The first calculation of the isotope dependence of the pseudogap, performed
within the CDW scenario and assuming TcDW, = 180 K [21], resulted in aTcDW
0.17 which is larger than the experimental value for aT.. Subsequent improve-
ments of the calculation [25] by taking into account also superexchange interac-
tion of the copper spins and Coulomb repulsion between holes residing at neigh-
boring sites yielded aTCDW = 0.028 which is roughly a factor of 2 smaller than
the experimental value.
Although aTCDW and a,. do not need to be identical, the fact that both exponents
are of the same order, suggests a close relation between the CDW transition and
the opening of the spin gap. It remains to be shown whether both effects are a
manifestation of a common underlying mechanism.
6. Summary
While the presence of the spin-gap effect in NMR is known for quite some time,
its origin still remains controversial. Our recent detection of an electronic cross-
over in YBa2Cu4O8 , taking place close to the temperature where the spin gap opens,
has offered a new approach to solve this problem. The occurrence of the crossover
supports the idea that the spin-gap phenomenon is caused, at least partly, by a tran-
sition due to a charge density wave (CDW). Within this framework, we have calcu-
lated important features of the CDW gap and we could explain the temperature
dependence of the planar Cu Knight shift in YBa 2Cu4O8 . In particular, we calculated
the coefficient of the isotope effect on the CDW gap. This value agrees fairly well
with our experimental determination of the spin gap isotope coefficient. Since the
latter value also agrees with the T. isotope coefficient (all measured in the same
sample), it is very tempting to suggest that all three gaps are related to each other.
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